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Background: More than half of all cerebral ischemic events are the result of rupture of extracranial plaques. The clinical
determination of carotid plaque vulnerability is currently based solely on luminal stenosis; however, it has been
increasingly suggested that plaque morphology and biomechanical stress should also be considered. We used finite
element analysis based on in vivo magnetic resonance imaging (MRI) to simulate the stress distributions within plaques
of asymptomatic and symptomatic individuals.
Methods: Thirty nonconsecutive subjects (15 symptomatic and 15 asymptomatic) underwent high-resolution multi-
sequence in vivoMRI of the carotid bifurcation. Stress analysis was performed based on the geometry derived from in vivo
MRI of the carotid artery at the point of maximal stenosis. The finite element analysis model considered plaque
components to be hyperelastic. The peak stresses within the plaques of symptomatic and asymptomatic individuals were
compared.
Results:High stress concentrations were found at the shoulder regions of symptomatic plaques, and the maximal stresses
predicted in this group were significantly higher than those in the asymptomatic group (508.2 193.1 vs 269.6 107.9
kPa; P  .004).
Conclusions:Maximal predicted plaque stresses in symptomatic patients were higher than those predicted in asymptomatic
patients by finite element analysis, suggesting the possibility that plaques with higher stresses may be more prone to be
symptomatic and rupture. If further validated by large-scale longitudinal studies, biomechanical stress analysis based on
high resolution in vivo MRI could potentially act as a useful tool for risk assessment of carotid atheroma. It may help in
the identification of patients with asymptomatic carotid atheroma at greatest risk of developing symptoms or mild-to-
moderate symptomatic stenoses, which currently fall outside current clinical guidelines for intervention. (J Vasc Surg
2007;45:768-75.)Extracranial atheromatous disease is responsible for
more than half of ischemic strokes in the developed world
and results in considerable morbidity and mortality. Ca-
rotid endarterectomy is well known to be beneficial in
patients with symptomatic severe carotid stenosis,1,2 and
the recently published Asymptomatic Carotid Surgery Trial
(ACST) results demonstrated a benefit in the severely ste-
notic asymptomatic population.3
In current clinical practice, selection for surgery or
revascularization is determined by the degree of luminal
stenosis as measured by conventional angiography, com-
puted tomography (CT) angiography, magnetic resonance
angiography (MRA) with or without gadolinium,4 or du-
plex ultrasound imaging. It is now well accepted, however,
that luminal stenosis alone may not adequately reflect dis-
ease burden owing to the process of arterial remodelling.5
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768Remodellingmay result in normal endoluminal dimensions
as measured at angiography belying a substantial volume of
atheromatous plaque that may be at risk of rupture.6
Moreover, histologic data suggest that high-risk vul-
nerable plaque is characterized by a large necrotic lipid
core, a thin overlying fibrous cap, and an inflammatory
infiltrate within the plaque.6-8 Thus, plaque composition
and activity are thought to be useful predictors of future
thromboembolic events.6,9,10 Recent advances in noninva-
sive magnetic resonance imaging (MRI) have allowed these
plaque components to be visualized in vivo.11,12
Plaque rupture itself represents structural failure of a
component(s) of the diseased vessel, and it is therefore
reasonable to propose that the biomechanical properties of
atheromatous lesions may influence their probability of
rupture. Recognizing which features contribute to this
increased vulnerability may improve risk stratification and
allow aggressive interventions to be targeted at patients
with plaques that are prone to rupture. Previously, such
biomechanical profiling has been based on finite element
analyses that use ex vivo histologic or imaging data to
generate geometric stress maps of vessel walls.4-15
The accuracy of this profiling depends on an accurate
reconstruction of the plaque within the vessel wall. This can
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the luminal morphology and geometric relationships of the
different plaque constituents have a significant impact on
the overall stress within the plaque. Ex vivo processing of
plaque may alter these relationships, thus calling into ques-
tion the validity of the simulation.
The advent of high-resolution imaging techniques such
as intravascular ultrasound and MRI has allowed detailed
morphologic and structural characterization of carotid
plaques to be performed in vivo. The derivation of vessel
geometries from such techniques avoids the inherent prob-
lems associated with changes in plaque size and shape as a
result of histologic fixation and surgical trauma. Likewise,
previous studies have used the relatively simply assumption
that plaque components, such as fibrous cap and lipid core,
behave in a simple and mechanically predictable manner
when a force (blood pressure) is exerted on them. The
concept of linear elasticity is often used to describe the
mechanical properties of these components; that is, force is
directly proportional to the change in length or deforma-
tion of the component (Hooke’s Law of linear elasticity).
Human tissue does not mechanically behave in this
manner. This oversimplified model can lead to errors in
interpretation of mechanical simulations of such tissue
when predicting the results of interactions with forces such
as those exerted by pulsatile flow in the arteries. We there-
fore modelled plaque components as rubber-like materials
that exhibit mechanical properties closer to those of human
tissue (hyperelastic).16,17 Deformation is thus no longer
directly proportional to force applied in this model.
Rupture of atheromatous plaque is a complex process
involving physiologic and biomechanical factors. Although
a simplification, fibrous cap rupture can be modelled purely
as a mechanical structural failure of the cap after repeated
deformations as a result of forces applied; in this case, blood
pressure. Structural analysis comprises the set of physical
laws and mathematics required to study and predict the
behavior of structures and, as such, is commonly used in the
field of mechanical engineering. The common subjects of
structural analysis have been previously structures such as
buildings, bridges, aircrafts, and ships. More recently how-
ever, structural analysis has been used in the field of bio-
engineering and in this case allows us to predict internal
stresses and strains within carotid atheroma. Previous me-
chanical studies of atheroma have suggested limits of these
stresses where rupture is likely to occur.15,18
Finite element analysis is a computer simulation tech-
nique that uses the techniques of structural analysis. It uses
a numerical technique called the finite element method.
Mathematically, the finite element method is used for find-
ing approximate solutions of partial differential equations.
It is a powerful technique originally developed for finding
numerical solutions of complex problems in the field of
structural mechanics and remains the method of choice for
structural analysis of complex systems. The principle of
finite element analysis breaks a very complex problem into
many simpler problems that are much easier to solve. It
does this by breaking down complex shapes and geometriesinto simple shapes called elements. The computer considers
the interaction between each element to model the entire
structure. In this way, complex systems such as atheroma
can be modeled appropriately.
This study describes a method of using in vivoMRI and
finite element analysis, considering plaque components as
nonlinearly elastic, to determine the mechanical stresses
within carotid plaques and evaluates whether symptomatic
carotid plaques have higher internal stresses than asymp-
tomatic ones.
METHODS
Subjects. Patient selection and image processing were
performed by investigators who were not involved in finite
element analysis. Informed written consent was gained
from all patients. The study was approved by the Internal
Review Board. In vivo multisequence MRI data were ac-
quired from 30 nonconsecutive individuals (15 symptom-
atic and 15 asymptomatic) recruited from a specialist neu-
rovascular clinic. Their median age 73.5 years (range, 53 to
80 years), and 19 were men. The median time from symp-
toms to carotid endarterectomy in the symptomatic cohort
was 12 weeks (range, 7 to 18 weeks). All symptomatic
individuals had recently experienced either a retinal or
cortical transient ischemic attack and received imaging 6
months of the event. Asymptomatic patients had not expe-
rienced any symptoms 6 months before imaging.
Magnetic resonance imaging. Imaging studies were
conducted on a 1.5 Tesla whole-body system (CV/i, GE
Medical Systems, Milwaukee, Wisc) using a custom-
designed dedicated, four-channel phased array surface coil
(Flick Engineering Solutions BV, Winterswijk, The Neth-
erlands) wrapped around the neck and secured by a soft
cervical collar. Patients were put in a headrest made of foam
to minimize motion artefacts. After an initial coronal local-
izer scan, an axial two-dimensional (2D) time-of-flight
(TOF) MRA study was performed to identify the location
of the carotid bifurcation and the region of maximal steno-
sis. Axial images were acquired through the common ca-
rotid artery, 6 mm (2 slices) below the carotid bifurcation
to a point 6 mm (2 slices) distal to the extent of the stenosis
identified on the TOF sequence. This method ensured that
the entire plaque was imaged and also facilitated image
co-registration with histology.
The following 2D, electrocardiography-gated, blood-
suppressed, fast spin echo pulse sequences were used: inter-
mediate T2 weighted (TR/TE: 2·RR/46) with fat satura-
tion, T2 weighted (TR/TE: 2·RR/100), short T1
inversion-recovery (STIR) (TR/TE/TI: 2·RR/46/150),
and T1 weighted (TR/TE: 1·RR/7.8). The pixel size was
0.39  0.39  3 mm in all cases. The field of view was 10
cm, and matrix size was 256  256. Average image acqui-
sition time was approximately 45 seconds per slice for each
sequence.
Histologic analysis. Atheromatous plaques were ex-
cised intact to facilitate image co-registration and were
immediately rinsed in 0.9% sodium chloride solution before
fixation in 10% formalin solution. Plaques were then cut
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tion (often 3 slices below and up to 6 slices above) after
decalcification in ethylenediaminetetraacetate solution and
were embedded in paraffin blocks. From these blocks,
4-m sections were obtained from the caudal end.
Sections were dehydrated and stained with hematoxy-
lin and eosin (H&E) and elastic van Gieson (EVG) to
define the fibrous cap, lipid core, calcium deposits, and
hemorrhage components. The fibrous cap stained posi-
tively on the EVG section. The lipid core was identified by
the area of necrotic material within which residual choles-
terol crystals were seen on both H&E and EVG stains.
Areas of calcification did not stain on EVG but had a blue
hue from the hematoxylin in H&E sections after the decal-
cifying process.
Plaque reconstruction and mesh generation. Seg-
mentation of the individual plaque components was based
on analysis of all MR sequences according to signal inten-
sity and morphologic criteria, as described in previous
studies.12,19 Plaque geometry was obtained from the mul-
tisequence MR data according to this previously defined
protocol. Histology was used purely for visual verification
of plaque geometry after segmentation of the MRIs. Ge-
ometry was obtained purely bymanual delineation from the
multisequence MRIs.
The regions of interest were delineatedmanually inMR
segmentation software (CMR Tools 4.0, London, United
Kingdom) corresponding to plaque constituents of lipid
pool, fibrous cap, vessel wall, and lumen. These compo-
nents have different signal characteristics when imaged
using a multisequence protocol, as previously described.12
For example, fibrous cap is particularly bright on short T1
inversion recovery (STIR) imaging, and lipid core is dark
on intermediate T2-weighted imaging with fat suppression.
These techniques have been validated in a previous study
against the histologic gold standard.12 The reproducibility
of this stress analysis study has been investigated and dem-
onstrated an excellent correlation between two indepen-
dent investigators based on in vivo MRI.17
Once delineated, control vertices were exported from
the segmentation software and were imported into a spe-
cialist engineering package (MSC Patran 2004 r2, MSC
Software Corp, Santa Ana, Calif and ABAQUS Software
6.5, Providence, RI), where the contours were recon-
structed using a closed B-spline technique to form the
Table I. The parameters used for the plaque components
and vessel wall in the Ogden model
Tissue properties 1* 2* 1
† 2
† K (MPa)‡
Vessel wall 0.0008 0.0008 30 30 1600
Fibrous cap 0.0015 0.0015 30 30 3000
Lipid pool 0.0001 0.0001 27 27 200
*Moduli constants.
†Exponent constants.
‡Refers to the bulk modulus, which is a measure of stiffness.geometry for mesh generation.Material mechanical properties. The linear elastic
model (as described) has been used in previous studies to
describe the physical properties of plaque constituents.20,21
In this study, the mechanical behavior of plaque compo-
nents wasmodelled as hyperelastic using a two-termOgden
strain energy formulation simulating the nonlinear stress-
strain characteristics of plaque components (as previously
described). This technique has not been previously used in
the field of atheroma modelling to our knowledge. The
two-term strain energy form was:
W
i1
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J 
i
3 (1
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i 3
i 3) 4.5(K 
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whereN is the number of terms (2 in this simulation), i are
the principle stretch ratios, J is the Jacobian modulus, K is
the bulk modulus; i are moduli constants and 1  2;
and i are exponent constants and 1  2.
The specific two-term model used has been validated
in engineering experiments using human atheroma tis-
sue. They refer to the stiffness of the material, which
describes the behavior of the material when placed under a
force. These two terms can be equated to a more complex
description of the physical characteristics of a material than,
for example, Young’s modulus (this deals with a simple
stress vs strain relationship). Values of these terms for the
various carotid plaque components were chosen based on
previous studies 22,23 (see Table I).
Computational modelling. Investigators responsible
for the finite element analysis were not involved in the
acquisition of subject MR data and image segmentation
and thus had no knowledge of the degree of luminal
stenosis or the presence or absence of symptoms in any of
Table II. Baseline characteristics of symptomatic and
asymptomatic patients
Characteristic*
Symptomatic
n (%)
Asymptomatic
n (%) P
Number of patients 15 15
Mean age (range) 72.3 (53-86) 72.7 (67-81) .71
Female 5 (33) 6 (40) .99
Hypertension 14 (93) 13 (87) .99
Diabetes mellitus 3 (20) 2 (13) .99
PTCA/CABG) 1 (7) 2 (13) .99
Peripheral vascular
operations 2 (13) 4 (27) .65
Current smokers 2 (13) 3 (20) .99
Past smokers 10 (67) 10 (67) 1
Never smoked 3 (20) 2 (13) .99
Hypercholesterolemia 7 (47) 6 (40) .99
Cholesterol (mmol/L) 5.66  1.16 4.88  1.12 .19
Triglycerides (mmol/L 2.35  0.99 1.89  0.70 .35
Statin use 14 (93) 15 (100) .99
Antiplatelet agent 14 (93) 15 (100) .99
PTCA, Percutaneous Coronary Angioplasty; CABG, coronary artery bypass
graft.
*Categoric data are presented as n (%), continuous data as means (range)
or  standard deviation, as appropriate.the subjects.
it is u
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noninvasively by Zhao et al,12 who used a high-fidelity
external pressure transducer applied to the skin overlying
the pulse of the common carotid artery. Their measured
pressure waveform was applied uniformly on the lumen
surface in this numeric simulation. The baseline mean
pressure value was chosen to be 115 mm Hg and pulse
pressure to be 60 mm Hg. The pressure on the outside
vessel surface was assumed negligible, and the plaque was
considered stress-free at zero pressure (no residual stress).
The numeric simulation was done using the ABAQUS
6.5 finite element analysis package. Contour plots of Von
Mises stress were displayed using ABAQUS after process-
ing. Von Mises stresses are those predicted within the
plaque itself as a result of interaction between the plaque
components. These are unrelated and are an order of
magnitude greater than the wall shear stresses commonly
referred to in vascular biology. Wall shear stresses are
Fig 1. Correlation of the location between maximum
plaque.A,T2-weightedmagnetic resonance image.B, In
star). C, Histologic sample stained with elastic van Gieso
with rupture (red arrow) of the fibrous cap (black arrow
rupture region (red arrow). A high stress concentration
vessel wall. Although this may be mechanically present,produced as a result of the action of blood pressure againstthe vessel wall and are independent of plaque mechanical
properties. These shear stresses may be important in the
pathology of endothelial dysfunction, but they are too
small to be considered in purely mechanical simulation.
Slices at the point of maximal stenosis for each patient were
simulated and maximum stresses were recorded.
Image analysis takes approximately 2 minutes for man-
ual segmentation of the MRI and a further 10 minutes of
computer simulation time when using a Pentium IV (Intel,
Santa Clara, Calif) computer with 1G memory.
Statistical analysis. The baseline characteristics were
compared between symptomatic and symptomatic patients
using Mann-Whitney U test and the Fisher exact test. For
each subject’s image set, finite element analysis was per-
formed on meshes generated from the geometries of three
MRIs (depicting large plaques) covering the point of max-
imal stenosis. The slice with maximum stress was selected
from each set for comparative analysis. A nonpaired Stu-
s concentration and plaque rupture in a symptomatic
ows fibrous cap (white arrows) and the lipid pool (yellow
d hematoxylin and eosin demonstrate a complex plaque
, Computed stress map shows high stress in the plaque
wise predicted opposite this region in relatively normal
nlikely to be of pathologic importance.stres
sert sh
n an
). D
is likedent t test was used to determine the significance of any
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symptomatic and asymptomatic subjects. A box plot of the
data was generated as a measure of variable spread using
SPSS 12.0 (SPSS Inc, Chicago, Ill).
RESULTS
Patient characteristics. Multisequence MRI studies
were performed on all 30 patients. The baseline character-
istics of the two groups are summarized in Table II. There
was no significant difference in the severity of stenosis, as
measured by carotid duplex imaging, between the symp-
tomatic (median, 72.5%; range, 53.5% to 86.0%) and
asymptomatic groups (median, 68.5%; range 49.5% to
81.5%; P  .34).
Analysis revealed that all plaques had evidence of a lipid
core and a fibrous cap; however, very few foci of calcifica-
tion were depicted. There were no statistically significant
differences in the relative areas of fibrous cap (48% vs 42% of
total plaque area, P .29) or lipid core (36% vs 38% of total
plaque area, P .21) between the symptomatic and asymp-
tomatic plaques, respectively.
Stress distribution analysis. The geometry obtained
from the in vivo MRIs required no alteration after co-
registration with histology because histologic fixation was
deemed likely to distort the plaque geometry and make it
unsuitable as a geometric gold standard.
Stress distributions within the plaques were calcu-
lated using finite element analysis. An example is pre-
sented in Fig 1 depicting a ruptured plaque showing
correlation of the locations of maximal stress concentra-
tion with locations of plaque rupture. High stress con-
centrations were found at the regions of rupture and the
shoulder regions of the plaque. An example of this is
Fig 2. High stress concentrations at the shoulder region
thin fibrous cap covering a relatively large amount of lip
fibrous cap (white arrowhead) and the lipid pool (yellow
plaque shoulders (red arrows).shown in Fig 2, where the highest stress concentrationscan be clearly seen at the shoulders of the plaque. Fig 3
shows a comparison between symptomatic and asymp-
tomatic subjects. The symptomatic plaque had a much
higher stress concentration than that of the asymptom-
atic plaque.
Statistical analysis. The two groups of data were
tested for normality. The P value from this test suggested
that the data were likely distributed normally, and a normal
plot superimposed on a frequency histogram further sup-
ported this hypothesis (symptomatics,W  0.94, P  .32;
asymptomatics, W  0.94, P  .43). After this evaluation
of normality, parametric statistical analysis was undertaken
using a nonpaired t test (SPSS 12.0) and considered at the
5% significance level.
The maximal stresses in the plaques of symptomatic
patients were significantly higher than those of asymptom-
atic patients at 508.2  193.1 vs 269.6  107.9 kPa (95%
confidence interval of the difference was 121.7 to 355.6
kPa, P  .004). High stress concentrations tended to be
found at the shoulder regions of the plaques (Fig 2).
Median peak stress in symptomatic patients was 466.8 
182.5 kPa (interquartile range); whereas median peak stress
in asymptomatic patients was 262.0 101 kPa (interquar-
tile range; Fig 4).
DISCUSSION
This study used finite element analysis and in vivo carotid
MRI to examine the relationship between maximal predicted
stress concentrations and carotid plaque symptomatology.
The results suggest that the maximum stresses within the
plaques of symptomatic patients are higher than those of
asymptomatic patients, and thus, biomechanical profiling is to
plaque with 50% luminal stenosis. The plaque has a very
re. Left, Intermediate T2-weighted sequence shows the
. Right, Computed stress map shows high stress in thes of a
id co
star)some extent able to distinguish between the clinical groups.
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geometries, and computed stress maps for both plaques. High maximal stress can be clearly seen at the shoulder region
of the symptomatic plaque (yellow arrow).
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rived from in vivoMRIs of the carotid bifurcation to conduct
finite element analysis on plaque rupture analysis. This is
different from previous studies using the geometry derived
from histology15 and ex vivo MRI,14 with this distinction
being crucial as changes in the shape of vessels as a result of
endarterectomy and histologic fixation will have a significant
impact on the predicted stress distributions.18,21,24 Any re-
sultant alteration in plaque geometry as a result of these
processes will have a significant impact on the stress analysis.
The structural analysis used a nonlinear Ogden model to
simulate the nonlinearmechanical response of plaque compo-
nents. This is, to our knowledge, the first such study to
attempt to use such a model on in vivo data sets. It is impor-
tant to have a better understanding of the physical properties
of the components of atheromatous plaque, as stresses pre-
dictedwithin the plaquewill differ considerably depending on
whichmodel is chosen andwhat parameters are used. Previous
reports have confirmed the observations described here in that
lipid pools with low Young’s moduli (this refers to the defor-
mation produced per unit force exerted) will result in higher
peak stresses.21
Such biomechanical modelling naturally assumes that the
plaque components are homogeneous, with a uniform and
predictable response to mechanical stress. Clearly, cellular
material is much more complex than this, and it is entirely
plausible that the mechanical properties of lipid core, for
example, will alter according to its individual cellularity and
extent of lipid esterification. Likewise, the fibrous cap contains
not only collagen fibers but also smooth muscle like cells that
have been shown to undergo apoptosis in vulnerable plaque.
Fig 4. Box andwhisker plot showsmedian peak stress (black bar),
interquartile ranges (whiskers), and outliers (circles) in the two
groups. The maximal stresses predicted in symptomatic group
were significantly higher than those predicted in the asymptomatic
group (508.2  193.1 vs 269.6  107.9 kPa; P  .004).This process is likely to weaken the cap at these points anddynamically alter the Young’s modulus of the tissue at that
location. Despite this simplified model, however, it would
reasonable to speculate that these differences would only serve
to increase the predicted differences between patient groups
rather than decrease them.
Luminal stenosis is an important factor for risk assessment
of patients with carotid atheroma, and it has been the tradi-
tional clinical measure of risk. Maximal stress is normally
predicted at the most stenotic location within a single plaque,
although when comparing two plaques, it is not necessarily
true that the bigger the plaque, the higher the stress. The
important factor is the structure of the plaque, such as the
lumen shape, fibrous cap thickness, and relative amount of
lipid core. Stress analysis could thus be very useful for the
assessment of moderate stenosis with a plaque with a very thin
fibrous cap. This is illustrated in Fig 2, which shows a plaque
where very high stress concentrations were predicted at the
shoulder regions, despite it producingonly a 50% stenosis. It is
therefore likely that this plaque should possibly be considered
to be at increased risk of future rupture.
The effect of individually applied loads in the form of
individual blood pressures has not been studied here, a
limitation of this study and a factor that is likely to be as
important as morphologic and biologic information in
determining stress distribution. An intraluminal pressure of
115 mm Hg was used in all the simulations, a figure that
approximates to a mean arterial pressure in humans that is
perhaps a little higher than would be found in the normal
population. Hypertension frequently accompanies athero-
sclerotic disease, however, so it is possible that the applied
load may be even higher in the target group with carotid
disease despite concomitant antihypertensive medication.
Because this was not a flow interaction-coupled model, it
was not possible to simulate the effect of turbulent flow and
a pressure drop across a stenosis, which of course will affect
the applied load. Local pressure distribution cannot cur-
rently be directly determined from noninvasive imaging.
Another study limitation is that the timing between
symptoms and imaging of the symptomatic cohort is rela-
tively long given current guidelines for carotid endarterec-
tomies 2 weeks in symptomatic patients. It is true that a
degree of vessel remodelling may have taken place in this
longer time frame; however, it is likely that any remodelling
would actually reducemaximal predicted stresses within the
plaque.We have previously published an idealizedmodel of
carotid atheroma that underlies the importance of the
fibrous cap thickness to the maximal predicted stress.10
Because vessel remodelling is likely to ultimately increase
this thickness rather than decrease it, we would expect any
results from a more recently symptomatic cohort to show
an even greater difference from the asymptomatic cohort.
Plaque calcificationwas not considered in this study and is
therefore an additional limitation of the analysis. Calcium can
be an important factor in the consideration of stress distribu-
tions within atheroma.25 There is, however, debate in the
literature about its role as protective against or a risk factor for
plaque rupture.13 Calcium produces little signal on conven-
tional MRI because its T2 decay is extremely rapid; therefore,
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calcification. Our cohort did not show many foci of calcifica-
tion in either the asymptomatic or symptomatic groups, al-
though of course, plaque decalcification before plaque histo-
logic fixation will reduce overall calcium.
CONCLUSION
We have identified differences in stress patterns be-
tween symptomatic and asymptomatic plaques in vivo by
combining finite element analysis with in vivo high-resolu-
tion multispectral MRI. We have refined previously pub-
lished models by the introduction of a nonlinear two-term
Ogden formulation to consider the behavior of plaque
components as nonlinearly elastic solids.
Symptomatic plaques have higher stress concentra-
tions, and these are frequently found at the shoulders of the
plaque. Maximal plaque stresses were found to be signifi-
cantly higher in symptomatic patients than those in asymp-
tomatic patients. A high stress concentration may thus be
associated with plaque rupture, although a causal relation-
ship cannot be determined from this study. If further
validated by large scale prospective clinical studies, a
combination of in vivo high resolution MRI and finite
element analysis may therefore be useful to assess plaque
vulnerability and possibly risk stratify patients with ath-
eromatous vascular disease.
AUTHOR CONTRIBUTIONS
Conception and design: ZL, SH, JG
Analysis and interpretation: ZL, SH, JU
Data collection: ZL, SH, RT, JU, MG, PK
Writing the article: ZL, SH, TT
Critical revision of the article: ZL, SH, TT, JG, JU, PK, MG
Final approval of the article: ZL, SH, TT,MG, JU, RT, PK, JG
Statistical analysis: ZL, SH
Obtained funding: JG
Overall responsibility: ZL
REFERENCES
1. North American Symptomatic Carotid Endarterectomy Trial Collabo-
rators. Beneficial effect of carotid endarterectomy in symptomatic pa-
tients with high-grade carotid stenosis. N Engl J Med 1991;325:445-
53.
2. European Carotid Surgery Trialists’ Collaborative Group. MRC Euro-
pean Carotid Surgery Trial: interim results for symptomatic patients
with severe (70-99%) or with mild (0-29%) carotid stenosis. Lancet
1991;337:1235-43.
3. Halliday A, Mansfield A, Marro J, Peto C, Peto R, Potter J, et al.
Prevention of disabling and fatal strokes by successful carotid endarter-
ectomy in patients without recent neurological symptoms: randomised
controlled trial. Lancet 2004;363:1491-502.
4. U-King-Im JM, Trivedi RA, Cross JJ, Higgins NJ, Hollingworth W,
Graves M, et al. Measuring carotid stenosis on contrast-enhanced
magnetic resonance angiography: diagnostic performance and repro-
ducibility of 3 different methods. Stroke 2004;35:2083-8.
5. Glagov S, Weisenberg E, Zarins CK, Stankunavicius R, Kolettis GJ.
Compensatory enlargement of human atherosclerotic coronary arteries.
N Engl J Med 1987;316:1371-5.
6. VirmaniR,BurkeAP,KolodgieFD,FarbA.Vulnerable plaque: thepathology
of unstable coronary lesions. J Interv Cardiol 2002;15:439-6.7. Fisher M, Paganini-Hill A, Martin A, Cosgrove M, Toole JF, Barnett
HJ, Norris J. Carotid plaque pathology: thrombosis, ulceration, and
stroke pathogenesis. Stroke 2005;36:253-257.
8. Stary HC, Chandler AB, Dinsmore RE, Fuster V, Glagov S, Insull W Jr,
et al. A definition of advanced types of atherosclerotic lesions and a
histological classification of atherosclerosis. A report from the Commit-
tee on Vascular Lesions of the Council on Arteriosclerosis, American
Heart Association. Arterioscler Thromb Vasc Biol 1995;15:1512-31.
9. Glagov S, Zarins C, Giddens DP, Ku DN. Hemodynamics and athero-
sclerosis. Insights and perspectives gained from studies of human arter-
ies. Arch Pathol Lab Med 1988;112:1018-31.
10. Li ZY, Howarth SP, Tang T, Gillard JH. How critical is fibrous cap
thickness to carotid plaque stability? A flow-plaque interaction model.
Stroke 2006;37:1195-9.
11. Yuan C, Mitsumori LM, Ferguson MS, Polissar NL, Echelard D, Ortiz
G, et al. In vivo accuracy of multispectral magnetic resonance imaging
for identifying lipid-rich necrotic cores and intraplaque hemorrhage in
advanced human carotid plaques. Circulation 2001;104:2051-6.
12. Zhao SZ, Ariff B, Long Q, Hughes AD, Thom SA, Stanton AV, et al.
Inter-individual variations in wall shear stress and mechanical stress
distributions at the carotid artery bifurcation of healthy humans. J Bio-
mech 2002;35:1367-77.
13. Huang H, Virmani R, Younis H, Burke AP, Kamm RD, Lee RT. The
impact of calcification on the biomechanical stability of atherosclerotic
plaques. Circulation 2001;103:1051-6.
14. Tang D, Yang C, Zheng J, Woodard PK, Sicard GA, Saffitz JE, et al. 3D
MRI-based multicomponent FSI models for atherosclerotic plaques.
Ann Biomed Eng 2004;32:947-60.
15. ChengGC, LoreeHM, KammRD, FishbeinMC, Lee RT.Distribution
of circumferential stress in ruptured and stable atherosclerotic lesions. A
structural analysis with histopathological correlation. Circulation 1993;
87:1179-87.
16. Ogden RW. Large deformation isotropic elasticity on the correlation of
theory and experiment for incompressible rubberlike solids. Proc R Soc
London A 1972;326:565-84.
17. Li ZY, Howarth S, Trivedi RA, U-King-Im JM, Graves MJ, Brown A,
et al. Stress analysis of carotid plaque rupture based on in vivo high
resolution MRI. J Biomech 2006;39:2611-22.
18. Lee RT. Atherosclerotic lesion mechanics versus biology. Z Kardiol
2000;89(suppl 2):80-4.
19. Trivedi RA, U-King-Im JM, Graves MJ, Horsley J, Goddard M, Kirk-
patrick PJ, et al. MRI-derived measurements of fibrous-cap and lipid-
core thickness: the potential for identifying vulnerable carotid plaques
in vivo. Neuroradiology 2004;46:738-43.
20. Finet G, Ohayon J, Rioufol G. Biomechanical interaction between cap
thickness, lipid core composition and blood pressure in vulnerable
coronary plaque: impact on stability or instability. Coron Artery Dis
2004;15:13-20.
21. Loree HM, KammRD, Stringfellow RG, Lee RT. Effects of fibrous cap
thickness on peak circumferential stress in model atherosclerotic vessels.
Circ Res 1992;71:850-8.
22. Bank AJ, Wilson RF, Kubo SH, Holte JE, Dresing TJ, Wang H. Direct
effects of smooth muscle relaxation and contraction on in vivo human
brachial artery elastic properties. Circ Res 1995;77:1008-16.
23. Versluis A, Bank AJ, Douglas WH. Fatigue and plaque rupture in
myocardial infarction. J Biomech 2006;39:339-47.
24. Rohde L, Lee RT. Mechanical stress and strain and the vulnerable
atherosclerotic lesion. In: Fuster V, editor. The vulnerable atheroscle-
rotic plaque: understanding, identification andmodification. New York,
NY: Futura Publishing Company; 1999. p. 305–16.
25. Imoto K, Hiro T, Fujii T, Murashige A, Fukumoto Y, Hashimoto G,
et al. Longitudinal structural determinants of atherosclerotic plaque
vulnerability: a computational analysis of stress distribution using
vessel models and three-dimensional intravascular ultrasound imag-
ing. J Am Coll Cardiol 2005;46:1507-15.Submitted Nov 6, 2006; accepted Dec 27, 2006.
